The androgens dehydroepiandrosterone sulfate, dehydroepiandrosterone, androstenedione and testosterone are routinely assessed in women, and circulating levels of these androgens reflect their production. These androgens are measured in most laboratories using various immuno-analytical methods. Recently, however, androgen assays have begun to be performed using gas or liquid chromatography combined with mass spectrometry.
Introduction
Four androgens are routinely measured in women: dehydroepiandrosterone sulfate, dehydroepiandrosterone, androstenedione, and testosterone. In general, circulating levels of these androgens reflect their production. They are primarily measured in serum or plasma, and this seems to be most appropriate, but they can also be measured in mucus and urine. The advantages and disadvantages of each body fluid are still the subject of much discussion.
Increased androgenization in women can be caused by either a higher level of androgens -termed hyperandrogenemia -or a higher sensitivity of target organs to androgens, the levels of which may actually be within reference ranges. It must be noted that women are much more sensitive to androgens than men. Changes in the levels of testosterone that lead to hirsutism in women cause no changes in hair richness in men. Moderate androgenization in women is manifested in dermatological symptoms such as acne, hirsutism or hair loss, while more severe forms can lead to somatic changes such as an enlarged clitoris, a deepening of the voice, and changes to body structure. Such severe forms can also be seen accompanying ovarian or adrenal gland tumors that produce androgens, or in non-treated congenital adrenal hyperplasia (CAH). A less severe form of androgenization is typical for more common female endocrine disorders such as polycystic ovarian syndrome and in minor or treated forms of CAH, as well as in so-called idiopathic hirsutism.
The diagnosis of hyperandrogenemia in women is accompanied by many difficulties. These difficulties can be divided into several types, and each is critical for correct interpretations of results. The fundamentals are a correct indication for examination, the choice of analytes to be measured, following the correct procedures in the preanalytic phase that must take physiological changes in steroid hormones into account, the possible S380 Dušková et al. Vol. 67 effects of medications used or dietary supplements, and the overall health of the patient.
Another complicating issue is the method used to measure androgens in the laboratory. For the actual measurements and choice of method, considerations of accuracy, cost, and automatization all play a role. These considerations will be different for routine diagnostic examinations and research purposes. Laboratory assays are also complicated by the issue of free androgens. In the blood, about 65 % of testosterone circulates bound to sex hormone binding globulin (SHBG), about 30-34 % bound to albumin, and only 2-3 % as free testosterone. Total testosterone is the most basic diagnostic parameter, but other forms of testosterone may sometimes importantly contribute to evaluating the status of the patient. Another difficulty with laboratory assays of androgens is the problem of reference ranges, which should not just be automatically taken from other references but should be tested and confirmed in each laboratory. Reference ranges in women should also take into account the phase of the menstrual cycle and the age factor. Below, we provide a detailed description of the individual aspects of laboratory assays of androgens that should be mastered in order to correctly interpret results.
Individual androgens -physiology and function
Dehydroepiandrosterone sulfate (DHEAS) DHEAS is quantitatively the most abundant circulating steroid hormone and reaches high micromolar concentrations in the blood, several orders of magnitude higher than other steroid hormones that typically have nanomolar concentrations. These high concentrations can be measured directly using radioimmunoassay (RIA), since possible interference from other steroids is marginal.
Concentrations of DHEAS change with age. They begin to increase at adrenarche, peak between 20 and 30 years of age, and then start to decline. At 70 years old, women have only about 20 % of the levels they had at 20 years. DHEAS levels do not markedly change during the day or during the menstrual cycle. It is produced in the adrenal gland, so changes throughout the day might be expected, but because of the high concentrations slight daily changes are typically not seen. In one of our studies we managed to find some minor changes depending on time of day and diet, but such changes should present no obstacle to interpretations of results for samples taken at non-standard times. Levels of DHEAS in fertile, pregnant and postmenopausal women in plasma are shown in Table 1. DHEAS is produced directly as a sulfate in the adrenal glands at a daily rate of 3.5-20 mg. It has a minor influence on many metabolic processes and is active as a neurosteroid. It is itself just slightly androgenic, but can serve as a precursor to androgens and estrogen in the periphery. It is generally not useful in diagnosing hyperandrogenemia except in cases of extremely high levels accompanying some adrenal tumors, primarily cancers, or as a signal of the onset of adrenarche in girls.
Dehydroepiandrosterone (DHEA)
DHEA is measured in some laboratories using extraction methods, while in others the less-optimal method of direct immunoassay is used.
Changes in DHEA concentrations over the course of life are similar to DHEAS. However, in contrast to DHEAS DHEA has a clear diurnal profile, matching that of cortisol . Changes during the menstrual cycle are minor, with a slight increase in the late luteal phase (Šrámková et al. 2015) . Levels of DHEA in fertile, pregnant and postmenopausal women in plasma are shown in Table 1. DHEA is produced at much lower concentrations than DHEAS, totaling around 3-8 μg. About half is produced in the adrenal glands, and the other half either secreted by the ovaries or converted from the sulfate in the periphery. Concentrations in the circulatory system range between 3-35 nmol/l, depending strongly on age. In conclusion measurements of nonconjugated DHEA are not useful in diagnosing hyperandrogenemia.
Androstenedione
Androstenedione is measured in some laboratories using extraction methods, while in others the less-optimal method of direct immunoassay is used.
The daily production of 1.4-6.2 mg in women is divided equally between the ovaries and the adrenal glands. Androstenedione changes during the menstrual cycle similarly to testosterone, increasing during the periovulation period by about 25 %. It also has a circadian rhythm. A slight drop in androstenedione with age has been described. Fertile women have higher androstenedione levels than postmenopausal women (Stanczyk 2006) . Smokers have higher androstendione levels than non-smokers throughout their lives (Dušková et al. 2012 , Jandíková et al. 2014 , Adamcová et al. 2017 . Levels of androstendione in fertile, pregnant and postmenopausal women in plasma are shown in Table 1 .
Androstenedione does not have significant androgenic activity, but it is a direct precursor of testosterone. For this reason it is useful to measure when diagnosing hyperandrogenism.
Testosterone
Testosterone is primarily measured using the RIA method, with the disadvantages mentioned below. It is recommended that extraction should be used when measuring testosterone in women, but while some laboratories do offer extraction methods, direct RIA without extraction is still the most widely used method in Europe (Pugeat 2017).
Concentrations of testosterone change during the menstrual cycle similarly as androstenedione, with a periovulatory increase of about 25 % caused by increased production in the ovaries (Šrámková et al. 2015) . Descriptions in the literature of changes during the day are inconsistent; a study in our laboratory found only insignificant slight changes . In women, testosterone is produced in the ovaries and adrenal glands, from which follow changes both during the menstrual cycle as well as during the day. Several authors have described lowered testosterone levels with age. Smokers have higher testosterone levels than non-smokers throughout their lives (Dušková et al. 2012 , Jandíková et al. 2014 , Adamcová et al. 2017 . Levels of testosterone in fertile, pregnant and postmenopausal women in plasma are shown in Table 1 . For calculating ranges in fertile women, 220 samples were analyzed from healthy women (average age 29.8 years, average BMI 24.56) that were not using any medications or hormonal contraceptives, had a regular menstrual cycle, and had no clinical signs of hyperandrogenemia. Dividing into four phases of the menstrual cycle was performed based on the day of the cycle and LH levels. For calculating reference ranges in postmenopausal women, 97 samples were analyzed from healthy postmenopausal women (average age 58 years) that were not using any medications influencing steroidogenesis. For calculating reference ranges at the 37th week of pregnancy, samples from 80 pregnant women were used (28 expecting boys and 52 expecting girls) with a physiological course of gravidity (average age 31.41 years, average weight gain during pregnancy 15.5 kg) that were not using any medications. All samples were taken in the morning hours between 7:30 and 9:30 AM.
Testosterone is the main androgen, with a daily production of 0.1-0.4 mg, but not the most effectual (this is dihydrotestosterone). In women, half of this amount is converted in the periphery from precursors, while the other half is divided equally between the adrenal glands and ovaries. Higher testosterone levels, or even better Vol. 67 higher free testosterone or the FAI index, are key diagnostic information for doctors evaluating dermatological signs of hyperandrogenemia. However, in some women with hirsutism androgen levels have been found to be within reference ranges, so a biological marker may be more sensitive than a laboratory marker. Measuring testosterone is also important for diagnoses of androgen-producing tumors, where total testosterone levels can be 2-3x higher than reference levels. The level of androgenemia is also a useful marker for diagnostics and monitoring of androgenization disorders.
Dihydrotestosterone (DHT)
Dihydrotestosterone (DHT) is measured using direct immuoanalysis, which is affected by uncertainties arising from cross-reaction with testosterone. This is especially true at the low levels seen in women. Only a few laboratories offer DHT assays. More accurate results can be obtained using liquid chromatography, but this method is used rather for research purposes (Swerdloff et al. 2017) .
DHT is metabolized from testosterone by an irreversible reduction catalyzed by the enzyme 5α-reductase. This enzyme also affects the metabolism of progesterone, deoxycorticosterone and testosterone, and exists in three isoforms. DTH is the strongest androgen, with a 5x higher affinity to the androgen receptor than testosterone, resulting in androgen efficiency about double or triple that of testosterone in target tissues (Dušková and Pospíšilová 2011). Daily changes in DHT levels are not marked, though some studies have described decreases after awakening and in reaction to food intake (Racz et al. 2015) . Unlike testosterone, changes during the menstrual cycle have not yet been described (Swerdloff et al. 2017) , but this could be due to the analytical problems when analyzing minor changes. However, even assays using gas chromatography have not been able to demonstrate changes during the cycle or in the course of aging in low DHT levels in women (0.24-0.75 nmol/l) (Kannenberg et al. 2018) .
The role of DHT in men has been well described, but its importance in women is unclear. Experimental models have shown a role in ovarian folliculogenesis (Murray et al. 1998 , Rodrigues et al. 2015 , but results from these models are not applicable to humans since steroidogenesis differs widely among species. Higher local levels of DHT could play a role in the development of androgenic alopecia in women who have normal blood levels. However, increased activities of any as well as all or none 5α-reductase isoenzymes have all been described in women with androgenic alopecia, reflecting the heterogeneity of this disease and explaining the failure of many treatments (Sánchez et al. 2018) . Many studies have attempted to find a role for DHT in hyperandrogenism, but the results were unfortunately ambiguous and DHT analysis is not useful in diagnosing hyperandrogenic states (Swerdloff et al. 2017) .
Methods for measuring androgens in the past and today

Individual methods for measuring and their limitations
Measuring total testosterone levels in serum is the first choice when evaluating excessive androgen levels in women. Testosterone levels in women are about ten times lower than in men. This complicates their analysis, as they must achieve adequate sensitivity and reliability for measuring such low testosterone levels. Most European laboratories use immunoassays without prior extraction. This method allows very rapid analysis, but at the expense of low accuracy (Pugeat 2017). Higher accuracy can be obtained using radioimmunoassay (RIA) with extraction. However, only the use of extraction methods meets the recommendations for measuring testosterone. For improving the quality of results, liquid chromatography with tandem mass spectrometry (LC-MS/MS) should be considered, which provides the highest accuracy with low detection limits. This is especially useful for measuring the low testosterone levels in women. Instrumental analysis allows significantly improved results, but the institutional limitations (higher cost, the necessity for trained personnel, and technical limits (such as the influence of the matrix on analyses or interference by conjugates) complicate its routine use.
The first RIA of insulin published by Nobel Prize winners Yalow and Berson (1959) in 1977 opened the possibility of measuring other hormones. Odell et al. (1967) published the first RIA analysis of luteinizing hormone (LH), and Abraham (1969) described the first RIA analysis of a steroid hormone, estradiol. In the Czech Republic, Hampl et al. (1970) first published binding analysis of testosterone.
The first steroid RIA by Abraham (1969) for analyzing circulating estradiol levels included separation of estradiol from serum or plasma by extraction with an organic solvent and column chromatography before quantification with a radioactively-labeled marker. These two steps are important for the accuracy of the method. The organic solvent denatures proteins, including those which bind steroids as SHBG Column chromatography is used to separate estradiol from other steroids, mainly from its many metabolites that could interfere. This method was validated and was shown to be sensitive, specific, and precise (Stanczyk 2007) .
RIA with purification (extraction and chromatography) was gradually adapted for measuring further steroids including androgens. These precise, sensitive, and specific methods have been used in many studies analyzing the relationships among steroids and in individual pathological states, and have become the foundation of diagnostic criteria. In addition to the clear benefits, however, the methods have some limitations. Among the main problems are the costs and time requirements, which make classical RIA practically inconvenient for routine clinical practice. For this reason, other newer methods have been developed. At the end of the 1970s, the first direct RIA was developed, which did not require the extraction and chromatographic steps. A further step forward was a change of reagents and the development of direct immunoanalytical methods with non-radioactive markers, which could be assessed on small-scale analyzers.
Direct immunoassays are simple, comfortable, rapid, and relatively inexpensive methods for measuring steroids, and thus advantageous for routine clinical practice. Unfortunately, however, they also have a number of disadvantages. The methods often suffer from insufficient specificity, and thus compared to classical RIA most values are overestimated. For constructing calibrations curves only standard solutions are often used, which differ from serum matrix and can thus markedly influence the results. With direct analysis some steroids (for instance testosterone and estradiol) may be insufficiently released from their binding to SHBG (lacking a purification step), and only an uncertain fraction is therefore measured. Non-conjugated steroids in the blood are largely bound to albumin, and some (with 17β-hydroxy groups) also to SHBG. The binding to albumin is weak, and the antibodies used during immunoassays possess by orders higher affinity, and so the binding to albumin is easily overcome. However, binding to SHBG is much stronger and for corrected measurements of total steroid levels it is necessary to break these bindings. In classical RIA this was accomplished by the organic solvent, which denatured SHBG. In direct immunoassay this can be achieved by a change in pH or by adding a substance that frees the steroid. The efficiency of this step is important for accuracy of the method (Stanczyk 2006) . In light of the above-mentioned analytic difficulties, direct immunoanalyses have insufficient sensitivity for measuring some steroids, particularly when they have low serum concentrations (Stanzcyk 2006 , Kane et al. 2007 ).
At the turn of the millennium several studies were published comparing individual methods used to measure testosterone in routine practice, documenting the problems with testosterone analyses especially at the low concentrations found in women. One of these studies compared ten commercially available methods for measuring testosterone (direct immunoassay without extraction), used most often in routine laboratories (Taieb et al. 2003) . Herold and Fitzgerald (2003) summarized the results of method comparisons as follows: most currently used immunoanalyses missed their target by as much as 200-500 %, showing that guessing results would be a "better alternative" and could "provide less costly and quicker results of testosterone in women, without the need to take a blood sample".
A positive step forward in the new millennium was the move to chromatography with mass spectrometry, and this method became the gold standard. The basic principle of mass spectrometry was described more than a century ago, but its wider use was limited by the ability to measure only molecules of low molecular weight. A large step forward was made in the 1980s, when technical innovations widened the possible analyses. In the 1990s advances were introduced from the use of gas chromatography with mass spectrometry (GC-MS) to liquid chromatography with mass spectrometry (LC-MS), which began to be used in large laboratories (Grebe and Singh 2011). Commercial kits for LC-MS were produced, which allowed the method to be introduced to routine practice.
However, over time it was found that commercial kits for chromatography with mass spectrometry had their own problems that greatly decreased their accuracy. The analytical sets as designed do not have great advantages over immunoassay, and suffer from high costs, both for the test itself and for the personnel and technical equipment of the laboratory. Each laboratory must perform its own standardization and validation, though this should increase result accuracy. Simply transferring the measurement of testosterone to LC-MS does not by itself lead to more accurate results, and as discussed below, standardization of the method in each laboratory is necessary.
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A program for standardizing the measurement of testosterone
The problems with measuring testosterone led the Centers for Disease Control and Prevention (CDC) in the USA to initiate a program in 2007 for standardized measurement of serum testosterone (Vesper and Botelho 2010), which was finalized in the form of a specific method (Vesper et al. 2014) . The concept and aim of standardized testosterone assays was inspired by the standardization of glycosylated hemoglobin (HbA1c) with the National Glycohemoglobin Standardization Program (NGSP) that began in 1993, since the variability in measuring glycosylated hemoglobin was at that time similar to the current situation with testosterone. The success of the NGSP was documented in 2002, when the majority of certified methods had an inter-laboratory CV lower than 5 % and all certified methods measured HbA1c with an error within 0.8 % of the values determined by the NGSP (Vesper and Botelho 2010).
Laboratories can participate in the program to standardize testosterone assays under a certification program, which can improve the quality of their testosterone assays. The cost of the "CDC Hormone Standardization Program (HoSt) -Testosterone Certified" program is $18,000 plus fees (CDC 2013). As of April 2018, ten laboratories had currently certified assays and six laboratories had previously certified assays with no current certification (CDC 2018).
Comparisons of testosterone measurements from 142 accredited laboratories in the USA took place from 2012-2013. The participating laboratories used various immunoanalytical and chromatographic methods to measure testosterone. As a part of the study laboratories measured 4 serum samples with different testosterone concentrations, two from women and two from men. 73 % of laboratories measured at least 3 samples correctly with a total error ±25 %. In serum samples from female patients with a testosterone concentration of 15 ng/dl (0.5 nmol/l), the results ranged from 8-36 ng/dl (0.3-1.3 nmol/l). This wide range of results demonstrated that low concentrations of testosterone remain a difficulty for laboratories. Serum from male patients were measured more accurately, but for a serum concentration of 402 ng/dl (14 nmol/l), which according to recent recommendations is within the normal range for plasma, 15 % of laboratories measured levels lower than 300 ng/dl (10.4 nmo/l), i.e. hypogonadal. This study showed that even chromatographic methods are not an automatic solution, but also verified that laboratories that underwent the certification program were able to produce quality results. Therefore, standardization of the methods should still be an ongoing goal (Cao et al. 2017) .
Recommendations and initiatives of the American Endocrine Society
As a result of studies that evaluated and compared testosterone measurements from individual laboratories, the American Endocrine Society released a statement on the utility, limitations, and pitfalls of measuring testosterone (Rosner et al. 2007 ). This statement summarized the current status and provided recommendations for physicians and for the use of androgen examinations:
• It is necessary to know the type and quality of the method used, including reference ranges that must be created by each laboratory in cooperation with endocrinologists. In order to define reference ranges, it is necessary to define and characterize the parameters to be measured.
• For low concentrations of testosterone, direct measurements without extraction give inaccurate results and should not be used. Measurements with extraction and chromatography with either mass spectrometry or immunoassay give better results and are preferred.
• Most assays can distinguish testosterone levels in normal and hypogonadal men. However, to diagnose hypogonadism in men it is recommended to always perform more than one examination. Sampling must be done in the morning hours.
• When using a quality assay method and welldefined reference ranges, total serum testosterone levels taken in the follicular phase of the menstrual cycle are recommended as an initial test for suspected androgenproducing tumors in women.
• When using a quality assay method for measuring testosterone and SHBG with well-defined reference ranges, calculated free testosterone is a clinically sensitive marker of hyperandrogenemia in women and can be used in combination with clinical symptoms for diagnosis and monitoring these patients.
• If not a part of hypophyseal insufficiency, measurements of testosterone used for evaluating sexual dysfunction or fatigue in adult women are not supported by any published data, and are therefore very strictly not recommended.
• In children, reference ranges must be adjusted for sex, age, and stage of sexual maturation, and must be specific for the given assay method if a universal standard is not available.
• Measuring total testosterone in children has limited value. Evaluating excess androgen, virilization, intersexual disorders or maturation with signs of the opposite sex are indicated only for girls. There are only a few reasons to measure testosterone in boys, among them for evaluating gonadal failure, disorders of sexual maturation or puberty, and checking the response to treatments.
In 2010 
The problems with reference ranges
Most previous studies dealing with androgen levels, their physiological roles, and relationships to various pathologies used RIA with purification, while current studies use mostly chromatography with mass spectrometry. Recommendations for the diagnosis of hyperandrogenism with a specific cut-off based on these studies are very difficult to carry over to clinical practice, since routine laboratories generally use other methodologies. Blindly using reference norms and recommendations across all analytic methods can lead to the risk of incorrect interpretations of laboratory androgen assays, and is one of the most fundamental mistakes.
The terms "normal ranges" and "normal values" have been replaced by the term "reference ranges", in order to avoid having a specific definition of "normal". The reference range (value) is the interval of the 2.5 th -97.5 th percentile of concentration values of a given analyte found in a defined population (determined in a population of reference individuals, i.e. individuals with a defined state of health) (Racek et al. 2006 ). The problems with reference ranges have two aspects. The first arises from the difference between the methods used and the second from physiological changes to individual steroids. Each laboratory must determine their own reference ranges for evaluating steroid levels in serum, plasma, saliva or urine. Only by using their own references ranges their results could be correctly interpreted, since these can significantly differ between individual laboratories and various methodologies even when performed correctly. Defining reference ranges for androgens in women is a significant problem particularly in gynecological endocrinology. The main problems are that the concentration of circulating testosterone is relatively low, relatively small changes can be negatively manifested on somatic parameters, and mainly because concentrations are affected by numerous influences depending on temporal factors. Its levels change physiologically with age (over the course of years), reproductive function status (months to years), menstrual cycle (weeks), but also with seasonal and daily biorhythms. All these aspects cannot be reflected in reference ranges, and thus it is necessary to respect the day of the cycle and time of day that are defined as standard for taking samples. For assessing physiological steroid changes, it is thus necessary to use different ranges not just for women and men, but also for age groups and for women the phase of their menstrual cycle.
Conjugated and non-conjugated androgens
Conjugated/non-conjugated steroids should not be confused with the terms free and bound steroids, which are used for describing binding to proteins (see the next chapter).
Steroid hormones are secreted from production glands mainly non-conjugated, with the exception of DHEAS, which is secreted directly from adrenal as sulphate. Their binding to sulfuric, glucuronic or other acids leads to the production of so-called conjugates, which used to be thought of as the final degradation products of steroid hormones. These conjugates are soluble in water, enabling their excretion in the urine. Today we know that even these conjugated steroids often have functional roles, which are sometimes completely different than their non-conjugated counterparts, such as the case of dehydroepiandrosterone (DHEA) and its sulfate (DHEAS) in ion channels in the brain.
Free and bound androgens
In the blood androgens are mostly bound to proteins, and only the small free fraction is considered to S386 Dušková et al. Vol. 67 be biologically active. Non-conjugated steroids are mainly bound to albumin, and those that have a 17-hydroxy group are also bound to SHBG. Most DHEA and androstenedione are bound to albumin. In contrast, only 30-40 % of total testosterone is bound to albumin and 65 % is bound to SHBG.
Testosterone circulates in the blood in three forms. The most important is free testosterone, which is a biologically active form ready for use by target organs and tissues. This makes up only about 2-3 % of the total testosterone. The next testosterone fraction is bound to albumin. Albumin has a low binding affinity to the testosterone molecule and can easily be removed, and so this fraction is considered to be biologically available for other tissues. The sum of free and albumin-bound testosterone is therefore sometimes termed biologically available testosterone. The largest fraction of testosterone is bound to SHBG, which is a glycoprotein insuring the transport of testosterone through the circulatory system. SHBG has a high binding affinity to testosterone and this fraction is biologically non-active, serving as a hormone reserve. Total testosterone is thus the sum of free testosterone, testosterone bound to albumin, and testosterone bound to SHBG.
In women, determining the fraction of free or biologically available testosterone is important because SHBG levels are significantly influenced not only by thyroid gland function, obesity, and insulinemia, but also by concentrations of circulating estrogens. Signs of hyperandrogenemia in women with testosterone levels within reference ranges can often be caused by a high amount of active testosterone.
In the Czech Republic, analytically measured free testosterone is not commonly available and is generally accompanied by various errors. The equations used to calculate free testosterone have a number of inadequacies, but still provide important information, particularly in cases where there are significant changes to concentrations of binding proteins. Measuring free testosterone is analytically difficult. Concentrations are most accurately quantified using equilibrium dialysis. Another possibility is to obtain the fraction not bound to SHBG by precipitating SHBG-bound testosterone with ammonium sulfate. Both of these methods are accurate, but for routine use are impractical, since they are technically quite difficult, and as such are mostly just used in research. In routine practice, free testosterone is commonly measured using methods analogous to those used to analyze free thyroid gland hormones. These assays use a testosterone analog with low affinity to SHBG and albumin, which in theory allows just the free testosterone fraction to be measured. However, in principle it is clear that this is not as accurate as equilibrium dialysis.
To estimate free testosterone in clinical practice, therefore, either direct measurements of free testosterone or non-direct calculation methods may be used. The results obtained from direct measurements are difficult to compare to those from calculations. On the other hand, directly measured free testosterone may supplement information gained from calculations. Equations may seem like the simplest way to obtain values of free testosterone, but they have limits arising from the measurement accuracy for individual analytes and correctly determining reference ranges for free testosterone. This second limitation is of course also applicable when measuring free testosterone.
Calculations of the active fraction of total testosterone most commonly use: 1) The free androgen index (FAI), which is the ratio of total testosterone to SHBG: FAI (%) = (total testosterone/SHBG) x 100. 2) An estimate of biologically available testosterone, which is calculated using the level of albumin in addition. Calculated biologically available testosterone is then the sum of free testosterone and albumin-bound testosterone.
An accurate way to calculate free or biologically available testosterone was made possible by the equations of Vermeulen. Theses mathematical algorithms use measurements of the total testosterone, SHBG and albumin concentrations. They include the association constants for interaction of testosterone with SHBG and albumin and give results comparable to measured values of free testosterone obtained by equilibrium dialysis. The Vermeulen equation is thus useful for estimating free testosterone in women with the exception of free testosterone in pregnant patients (Vermeulen et al. 1999) .
A detailed description of calculations of Vermeulen's "free" and "biologically available" testosterone can be found at the following site, where these can be easily obtained after entering values of albumin, testosterone, and SHBG: http://www.issam.ch/freetesto.htm.
Measurements in different bodily fluids
Measuring androgens in serum or plasma
Both serum and plasma can be used to measure steroid hormones. It is generally accepted that serum is more appropriate due to the possible interference of small precipitates that occur when freezing and thawing plasma. This is mainly important when performing measurements in small plasma volumes (0.05 ml). Most laboratories therefore recommend assays be done with serum (Stanczyk 2006) . One limitation of using serum or plasma is that the results reflect only the current concentration of a given steroid, so it must be remembered that there may be fluctuations during the day, menstrual cycle or due to other influences. This must be kept in mind when planning sampling and interpreting results.
In acute cases when it is necessary to measure androgens from plasma instead of serum or vice versa, this is possible but the results from different fluids cannot be compared. It must also be accepted that these are just estimated measurements. Laboratories also generally report normal ranges determined for only one of these bodily fluids.
In serum and plasma androgens are present in non-conjugated forms (DHEA, androstenedione, testosterone) and conjugated forms like sulfates or glucuronides (DHEAS).
Measuring androgens in urine
Measurements performed in urine collected over 24 h are advantageous because they provide information on the secretion of a given steroid over this whole period and eliminate short-term concentration fluctuations. Unfortunately, key limitations of such assays are the difficulty of precisely collecting urine and in cases of kidney diseases, which can alter the excretory ability.
As opposed to in serum/plasma, in the urine steroids mainly occur in conjugated form, mostly as glucuronides.
The body transforms lipophilic non-conjugated steroids to water-soluble conjugates that can be excreted in the urine. For this reason only conjugated steroids can be measured in urine (Stanczyk 2006) .
Measurements of androgens in urine were first performed using a colorimetric assay of 17-ketosteroids or 17-oxosteroids, which are present in the urine mostly in conjugated form and which are mostly metabolites of adrenal androgen precursors. 17-ketosteroids are therefore mainly a reflection of the function of the adrenal glands, not the ovaries.
In an effort to eliminate the problems arising from testosterone concentration fluctuations in serum/plasma under certain circumstances, a new method has been developed for measuring testosterone in urine. The analysis of testosterone in urine involves several critical steps (hydrolysis of glucuronides, purification of non-conjugated steroids using chromatography, and quantification using RIA). Because of the difficulties, this method is unfortunately not applicable for routine practice (Stanczyk 2006) .
Measuring androgens in saliva
Sampling of saliva has the advantage of being non-invasive, simple, and providing an opportunity for repeated multiple samplings during a given time period. However, interpretations of results are complicated by the contamination of exogenous steroids from the diet (for instance eggs), the possible contamination of the saliva by blood, and further by changes in concentrations of steroids caused by steroid metabolizing enzymes present in the salivary glands. Concentrations in saliva therefore differ to various degrees from serum/plasma levels. As opposed to urine, in saliva most steroids are present in non-conjugated form.
Testosterone in saliva is present at about 2-3 % of serum concentrations. Because concentrations of testosterone in saliva are roughly similar to concentrations of free testosterone in the plasma, it has been hypothesized that saliva testosterone reflects concentrations of free testosterone. There is no evidence for this theory, and it is not based on fact, since binding proteins also occur in the saliva. Differences in testosterone concentrations in saliva depend on enzymes in the salivary glands, which convert androstenedione to testosterone and then metabolize it (Stanczyk 2006) . In contrast to testosterone, a good correlation has been found for saliva and plasma/serum levels of DHEA and androstenedione.
It must be again repeated that in women the low concentrations of testosterone in serum/plasma make analytic assays problematic. Measurements in saliva are even more difficult, and its use in clinical practice questionable.
Additional examinations for the differential diagnosis of hyperandrogenemia
If after overcoming all analytical difficulties higher androgen levels are found in female patients, as part of a differential diagnosis it becomes necessary to distinguish between the various states associated with S388 Dušková et al. Vol. 67 hyperandrogenemia. First it is necessary to distinguish the relatively rare causes of increased androgens from ovarian or adrenal tumors that produce androgens. Then it is necessary to distinguish non-classical forms of adrenal hyperplasia, for which measurements of 17α-hydroxyprogesterone and a confirmatory Synacthen test can be performed. Cushing's syndrome can be diagnosed using both clinical symptoms and laboratory tests: the dexamethasone suppression test, higher levels of cortisol in urine, and diurnal variations of the d cortisol. Overproduction of androgens is usually caused by the hypothalamic-pituitary-ovarian axis, which leads to our final difficulty, defining polycystic ovarian syndrome, which is undergoing a constant dynamic development. And last-but-not-least, hyperandrogenism can occur in patients with clinical signs of androgenization without any laboratory evidence of increased androgen levels.
Conclusion
The diagnostics of hyperandrogenemia in women is accompanied by a range of difficulties, which can be divided into several types, each of which is important for the interpretation of results. The fundamentals are a correct indication for performing measurements, the choice of analytes to be measured, and ruling out the use of medications that influence steroid production. Next, the correct procedures in the preanalytic phase should be observed considering the physiological changes in steroids in women, which is important not just for androgens but for all steroids in general. Sampling should be performed between 8 and 10 in the morning (if the patient awakes before 7am, due to the circadian rhythm and cortisol response to awakening), in the follicular phase of the menstrual cycle, i.e. from day 1-5 (due to the influence of the menstrual cycle), after fasting (due to the influence of food), while relaxed (due to the influence of stress), and keeping the age of the patient in mind. Other important factors are knowledge of the limits of the methods the laboratory uses, in what sample measurements are performed, and of the requirements for correct reference ranges. Following these recommendations allows for a correct interpretation of results without putting a strain on patients, performing unnecessary examinations, or causing stress due to mysterious diagnoses, while ensuring that serious diseases associated with hyperandrogenemia are not overlooked.
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